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a b s t r a c t
Fibroblast growth factors (FGFs) expressed in the apical ectodermal ridge (AER) and FGF10 expressed in
the underlying mesoderm are essential for limb bud outgrowth. Their expression is maintained through
a positive feedback loop. We identiﬁed the cis-regulatory element and trans-acting factors involved in
the AER-FGF-dependent transactivation of Fgf10. Etv1 and Ewsr1 stimulated transcription from the Fgf10
promoter in the sub-AER mesenchyme of mouse and chick limb buds in a conserved AGAAAR cluster-
dependent manner. We found that both Etv1 and Ewsr1 were necessary for Fgf10 expression and
elongation of the limb bud. In addition, Etv1 and AER-FGF synergistically stimulated Fgf10 promoter
activity in an Ewsr1-dependent manner. We also found that Etv1 and Ewsr1 bound to the segment of
DNA containing the AGAAAR cluster in vivo and in vitro. Moreover, Etv1 directly bound to the AGAAAR
sequence in vitro. Our results suggest that Etv1 and Ewsr1 transactivate Fgf10 directly and cooperatively
in response to AER-FGFs.
& 2014 Elsevier Inc. All rights reserved.
Introduction
During organogenesis, biased tissue growth directed by local
epithelial-mesenchymal interactions is important for morpho-
genesis (Goldin, 1980). Systems consisting of diffusible signaling
molecules and their receptors play major roles in these epithelial-
mesenchymal interactions. FGFs and their receptors (FGFRs) are
known to be involved in epithelial-mesenchymal interactions in
various organ primordia (Pownall and Isaacs, 2010). In appendage
primordia and in some primordia of the digestive organ, urinary
organ and masticatory organ, different FGFs are expressed in the
epithelium and mesenchyme, and bidirectional signaling by these
different FGFs is important for tissue growth and the elongation of
organ primordia (Ohuchi et al., 1997; Xu et al., 1998; Al Alam et al.,
2012; Trueb et al., 2013; Thesleff and Mikkora, 2002). In the limb
bud, an appendage primordium, FGF8, 4, 9, and 17 are expressed in
the AER (Sun et al., 2000), and FGF10 is expressed in the under-
lying mesenchyme (Ohuchi et al., 1997). FGF10 is necessary for
Fgf8 expression in the AER (Ohuchi et al., 1997), and AER-FGFs are
required for the maintenance of mesenchymal Fgf10 expression
(Ohuchi et al., 1997; Boulet et al., 2004; Sun et al., 2002). This
regulatory loop formed by AER-FGFs and FGF10 is essential for
limb bud elongation (Sekine et al., 1999; Mariani et al., 2008). In
this regulatory loop, FGF10 is transmitted by FGFR2b in the AER
and activates Wnt3 expression (Danopoulos et al., 2013). Wnt3
signaling, in turn, activates the AER-speciﬁc transcription factor
Sp8, which directly activates Fgf8 transcription (Kawakami et al.,
2004: Sahara et al., 2007). On the other hand, AER-FGFs are
transmitted by FGFR2c in the limb mesenchyme and activate the
Mek–Erk and PI3K pathways (Kawakami et al., 2003; Eblaghie et
al., 2003; Smith et al., 2006; Mariani et al., 2008; Sheeba et al.,
2012). However, how AER-FGF signaling leads to Fgf10 activation
in the limb mesenchyme remains an open question.
In the present study, we sought to determine the AER-FGF
signaling-dependent molecular mechanism that activates sub-AER
Fgf10 transcription. For this purpose, we ﬁrst identiﬁed a cis-
regulatory element necessary for sub-AER Fgf10 promoter activity
and the trans-acting factors that stimulate the Fgf10 promoter. One
of these trans-acting factors is Etv1, an Ets transcription factor and
a known target of the Mek–Erk pathway (Charlot et al., 2010;
Janknecht, 1996; Abe et al., 2012). Another is the transcriptional
co-activator Ewsr1 (Park et al., 2013; Lee et al., 2005; Araya et al.,
2003). These trans-acting factors were found to activate the Fgf10
promoter in vitro cooperatively with AER-FGF and to be necessary
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for Fgf10 expression in the limb bud. Furthermore, we found that
these trans-acting factors bound to the Fgf10 promoter region and
directly regulated Fgf10 transcription.
Material and methods
DNA constructs and cDNA cloning
A murine genomic DNA fragment containing 5.9 kb upstream
of the Fgf10 transcription start site and 0.7 kb of 50 UTR (Mm6.6kb)
was a kind gift from Dr. Shigeaki Kato. Using this fragment as a
PCR template, a 768 bp promoter region fragment (Mm768bp)
and partial deletion fragments (Mm768bpΔGGAA, Mm768bpΔA-
GAAAR, and Mm768bpΔAGAAAR/ΔGGAA) were generated
(Fig. 1A). A chicken genomic DNA fragment containing 5.1 kb
upstream of the Fgf10 transcription start site and 0.8 kb of 50
UTR (Gg5.9kb) was ampliﬁed by PCR. Two 50 truncated fragments
(Gg1.3kb and Gg1.0kb) and a fragment deleting the AGAAAR
cluster (Gg5.9kbΔAGAAAR) were isolated by restriction enzyme
digestion (Fig. 1J). These fragments were inserted into the SDK-
LacZ plasmid (a kind gift from Dr. Hiroshi Sasaki) or the pGL2-basic
plasmid for LacZ and Luciferase reporter gene expression, respec-
tively. Mouse and chicken Ewsr1 cDNAs were ampliﬁed by RT-PCR
using the primers shown in Supplementary Table 1 and RNA
prepared from an E11.5 mouse embryo and St. 21–23 chick
embryos, respectively. Chick embryos were staged according to
Hamburger and Hamilton (1951). pCMV-SPORT6-Etv1 and pCMV-
SPORT6-Etv5 were purchased from Open Biosystems (EMM1002-
3796055, CloneID3257346; EMM1002-5800626, CloneID5324125;
and EMM1002-6822456, CloneID6510019). pCAGGS-Etv1 and
pCAGGS-Ewsr1 were constructed using full-length coding DNA
fragments of murine Etv1 and Ewsr1, respectively. pCS2-caMekwas
a kind gift from Dr. Hiroshi Hanafusa. pMiw-Sp1 has been
described previously (Suzuki et al., 2003).
Transgenic (Tg) mice
Fertilized eggs were obtained by the intercross of the F1
progeny of C57BL/6 and C3H/He or the outcross of these F1 mice
with C57BL/6. After DNA injection, transgenic F0 embryos were
implanted into pseudo-pregnant ICR recipients and harvested
at E10.75. Transgene insertion into the genome was conﬁrmed
by PCR.
Fig. 1. In the sub-AER mesenchyme, Etv1 and Ewsr1 stimulate Fgf10 promoter activity in an AGAAAR cluster-dependent manner. (A) Schematics of the mouse Fgf10 reporter
constructs. AGAAAR cluster, green box; GGAA microsatellite, gray box; GC box, black oval. 50 UTR: 5' untranslated region. (B) Distribution of beta-galactosidase activity and
LacZ mRNA in forelimb (FL) and hindlimb buds (HL) of Mm6.6kb-LacZ Tg mice at E10.75. (C–E) Beta-galactosidase activity in chicken limb buds transfected with Mm6.6kb-,
Mm768bp- or Mm768bpΔGGAA-LacZ reporter. (C0) EGFP ﬂuorescence in the limb bud in C for visualization of introduction area. (C″) Sagittal section of the limb bud in C.
Arrowheads indicate the signal in the sub-AER mesenchyme. (E0) High magniﬁcation version of the image in E. Arrowheads indicate the signal. (F) Mm768bpΔAGAAAR-LacZ
reporter showed no beta-galactosidase activity (n¼0/21). Result of binomical test showed a statistically sufﬁcient difference between Mm768bp-LacZ (n¼2/11) and Mm768bpΔA-
GAAAR-LacZ reporters (po0.05). (G–I) Beta-galactosidase activity in chicken forelimb buds into which pCAGGS-Etv1 was co-transfected with Mm768bpΔGGAA-,
Mm768bpΔAGAAAR/ΔGGAA-, or Mm768bpΔAGAAAR-LacZ reporter. (I0) High magniﬁcation version of the image in I. Arrowhead indicates the signal. (J) Schematics of the chicken
Fgf10 reporter constructs. (K) Beta-galactosidase activity in the chicken forelimb bud co-transfected with pCAGGS-Etv1 and Gg5.9kb-LacZ reporter. (K0) High magniﬁcation version of K.
Arrowheads indicate the signal. (L, M) Beta-galactosidase activity in chicken forelimb buds into which pCAGGS-Etv1 and pCAGGS-Ewsr1 were co-transfected with Gg5.9kb- or
Gg5.9kbΔAGAAAR-LacZ reporter. Arrowheads indicate the signal. Anterior is at the top in B, C, C0 , D–I0 and K-M. Dorsal is at the top in C''.
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Introduction of plasmid DNA and siRNA into chick limb buds, beta-
galactosidase activity staining and qRT-PCR analyses
Electroporation of plasmid DNA into the chick presumptive
forelimb region was performed as described (Suzuki and Ogura,
2008). For LacZ reporter assays, a DNA solution containing 3.0–
4.5 mg/ml reporter and 0.25–2.0 mg/ml pCAGGS-EGFP was adjusted
to 5.0 mg/ml total concentration with the pCAGGS vector or the
effecter construct(s). Embryos were harvested 36–44 h after intro-
duction of DNA, and EGFP ﬂuorescence was photographed using
Leica ﬁlter set #10446149. The integral ﬂuorescence intensity in
the distal-most 300 mm of each limb bud was estimated using
MetaMorph and used as an index of the transfection efﬁciency.
Limbs that showed signiﬁcant ﬂuorescence signal intensity were
selected and used for detection of beta-galactosidase activity
(Hogan et al., 1994). For the knockdown of chicken Etv1 and/or
Ewsr1, three distinct Stealth RNAi siRNAs (Life Technologies) were
designed for each target gene and mixed before use (25 mM each;
150 mM in total). Sequences of the siRNAs are shown in
Supplementary Table 2. A Stealth RNAi Negative Control Duplex
Medium GC (Life Technologies) was used as a negative control. For
monitoring transfection, pCAGGS-EGFP was mixed with siRNAs.
siRNAs were used for transfection by electroporation as described
above into the presumptive forelimb region, and the embryos
were harvested 24 or 36 h later. For real time qRT-PCR analyses,
RNA was extracted from a single forelimb bud using TRIzol reagent
(Life Technologies) and subsequently treated with DNaseI. qRT-
PCR was performed using One step SYBR PrimeScript RT-PCR kit II
(Takara) and the primers shown in Supplemantary Table 3. Gapdh
was used for normalization.
Whole-mount in situ hybridization (ISH)
ISH was performed as previously described (Yamamoto-
Shiraishi and Kuroiwa, 2013). Digoxigenin-labeled riboprobes for
mouse and chicken Ewsr1 were synthesized using the template
fragment ampliﬁed with the primer sets in Supplemantary Table 1.
The chicken Fgf10 probe was provided by Dr. Sumihare Noji.
Micro mass culture (MMC) of limb bud mesenchymal cells,
transfection, and luciferase assay
For MMC, the distal-most 300 mm of St. 23–25 chick forelimb
and hindlimb buds were used. Mesenchymal cells were prepared
as described (Wada et al., 2003) and suspended in 2% FBS-
containing F-12 medium (2.5107 cells/ml). For transfection of
MMCs, 0.9 ml Attractene (Qiagen) or FuGENE6 (Roche) was mixed
with 4.4 ml F-12 and 300 ng plasmid DNA (containing 89 ng
luciferase reporter, 1 ng internal control pSG5-RL, and 210 ng
effecter or vector). After incubation for 20 min, 13.2 ml of cell
suspension and 20 ml of 2% FBS/F-12 were added, and cells were
seeded into a single well of a 96-well plate. After incubation in 5%
CO2 at 37 1C for 2–3 h, 210 ml of 2% FBS/F-12 was added. After 12
more hours of incubation, 200 ml of the mediumwas removed, and
200 ml F-12 with or without additives was added. Final concentra-
tions of the additives were as follows: FGF8b (R&D Systems, 423-
F8), 100 ng/ml; PD98059 (Calbiochem, 513000), 100 mM; SB202190
(Calbiochem, 559388), 10 mM; and Wortmannin (CST, 9951),
10 nM. After 24 h of further incubation, the cells were harvested.
Lipofectamine Plus (Life Technologies) was used for transfection
into COS-7 cells using the recommended protocol of the supplier.
Luciferase activity was measured with a PG-DUAL-SP kit (Toyo Ink
Co.). Each assay was done twice. Statistical analyses were per-
formed as described (Tagami et al., 2009), and a one-tailed t-test
was used.
Chromatin immunoprecipitation (ChIP) and immunoprecipitation of
transiently transfected DNA
For ChIP, St. 20–24 chick forelimb and hindlimb buds were
isolated, treated with 1% PFA/PBS for 20 min at room temperature,
and rinsed with PBS. Limbs were mashed in lysis buffer (Cave
et al., 2010) with BiomasherI (Funakoshi) and sonicated using
Covaris S2 (Covaris Inc.). Sonication conditions were as follows:
duty cycle, 2%; intensity, 3; power mode, frequency sweeping;
sonication time, 6 min; and bath temperature, 4 1C. For immuno-
precipitation of transiently transfected DNA, the MMC cells that
had been transfected with Mm768bpΔGGAA-Luc and the Etv1 and
Ewsr1 effecter constructs were treated with FGF8b as shown
above, harvested, and treated with 1% PFA for 7 min at room
temperature. After the addition of glycine (ﬁnal concentration
125 mM), the cells were rinsed with ice-cold PBS. After treatment
with cell lysis buffer (Ferrés-Masó et al., 2009), the nuclei were
suspended in nuclei lysis buffer (Ferrés-Masó et al., 2009) and
sonicated as shown above. For immunoprecipitation of Etv1, the
rabbit anti-Etv1 IgG (Santa Cruz, sc-28681) was used with Dyna-
beads Protein A or Protein G (Life Technologies). Mouse anti-Ewsr1
IgG (Santa Cruz, sc-28327) and Dynabeads Protein G were used for
immunoprecipitation of Ewsr1. Normal rabbit IgG or normal
mouse IgG was used as a negative control. Washing of beads
(Cave et al., 2010) and elution and puriﬁcation of DNA fragments
(Ferrés-Masó et al., 2009) were performed as described. DNA
fragments obtained by ChIP or immunoprecipitation of transiently
transfected DNA were used for real time qPCR analyses with the
primers in Supplemantary Table 4. For the quantiﬁcation of DNA
fragments, standard curves were generated. Each immunoprecipi-
tation was performed more than twice. Statistical analyses were
performed as described above.
Electrophoresis mobility shift assay (EMSA)
The sequences of the Cy5.5-labeled oligonucleotide probes and
unlabeled competitors are shown in Supplemantary Table 5. After
transfection of the Etv1 expression construct into MMCs, whole
cell extract (WCE) was prepared as described (Minami and Akira,
1996). Binding reactions were performed at room temperature
with 11 mM Hepes-KOH, pH7.8, 34 mM KCl, 22 mM NaCl, 0.7 mM
EDTA, 4 mM MgCl2, and 2 mM DTT. Rabbit anti-Etv1 IgG described
above and normal rabbit IgG (a negative control) were used for the
binding inhibition assays. Electrophoreses were performed using
6% polyacrylamide gels and 0.25TBE buffer. After transfection of
Sp1 expression construct, COS-1 nuclear extract (NE) was prepared
as described (Minami and Akira, 1996). Binding reactions were
performed at room temperature with 8 mM Hepes-KOH, pH7.8,
34 mM KCl, 0.8 mM EDTA, 4 mM MgCl2, 20 mM DTT, 8% glycerol,
and 120 mg/ml poly[d(I-C)]. Rabbit anti-Sp1 IgG (Santa Cruz, sc-59)
and normal rabbit IgG (a negative control) were used for the super
shift assay. Electrophoresis was performed with 3–12% gradient
polyacrylamide gel and 0.5TBE buffer. Cy5.5 signal was detected
by Odyssey (LI-COR).
Comparison of the Fgf10 promoter region sequences
Genomic DNA sequences were obtained in January 2014 from
the following assemblies: mouse, GCRm38; human, GRCh37; rat,
Rnor_5.0; rabbit, OryCun2.0; opposum, BROADO5; chicken, Gal-
gal4; chinese softshell turtle, PelSin_1.0; Xenopus tropicallis,
JGI_4.2; and zebraﬁsh, Zv9. In the mammalian, avian, reptile, and
amphibian species, the transcription start site was predicted from
DNA sequence similarity to the human sequence (Katoh and
Katoh, 2005).
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Results
Etv1 and Ewsr1 activate transcription from the Fgf10 promoter
through the conserved AGAAAR cluster
In order to identify the cis-regulatory element(s) necessary for
Fgf10 sub-AER expression, we examined the activity of the DNA
fragment containing the mouse Fgf10 promoter region using
transgenic (Tg) F0 embryos. The Mm6.6kb-LacZ reporter, contain-
ing 5.9 kb upstream of the transcription start site (Fig. 1A),
produced beta-galactosidase activity in the sub-AER and adjacent
mesenchyme of E10.75 forelimb and hindlimb buds (Fig. 1B. n¼5/
13 in the forelimb and 11/13 in the hindlimb). In contrast, LacZ
mRNA was localized to a small number of mesenchymal cells in
the sub-AER region (Fig. 1B). The difference in the patterns of beta-
galactosidase activity and LacZ mRNA is likely a reﬂection of the
difference in their stabilities. Thus, beta-galactosidase activity
marks the sub-AER mesenchymal cells and their descendants.
The Tg assay shows that the Mm6.6kb fragment contains a cis-
regulatory element sufﬁcient for sub-AER mesenchyme-speciﬁc
expression. This sub-AER expression is a subset of the endogenous
expression pattern of Fgf10 during limb development.
Similarity of the Fgf10 expression pattern between mouse and
chicken limb buds suggests that the regulatory mechanism is
conserved between the two species. In this case, the Mm6.6kb-
LacZ reporter should be active in the sub-AER mesenchyme of the
chick limb bud. To examine this possibility, we introduced
Mm6.6kb-LacZ into chick limb bud mesenchyme. We found that
the reporter is active in the sub-AER and more proximal regions
(Fig. 1C–C″. n¼3/3), as seen in the Tg mice. These results suggest
that the trans-acting factors, which function on the cis-regulatory
element in Mm6.6kb, are conserved between mouse and chick.
We then narrowed the mouse Fgf10 genomic region necessary
for the sub-AER mesenchyme-speciﬁc expression using the chick
limb bud system. Mm768bp-LacZ, containing 754 bp upstream of
the transcription start site (Fig. 1A), produced spatial activity very
similar to that of Mm6.6kb-LacZ (Fig. 1D. n¼2/11), suggesting
that the Mm768bp fragment contains a cis-regulatory element
sufﬁcient for sub-AER mesenchyme-speciﬁc expression. Mm768bp
contained an AGAAAR cluster composed of ﬁve partially over-
lapping AGAAAR motifs and a GGAA microsatellite (Gangwal et al.,
2008) composed of tandem repeats of 17 copies of GGAA.
Mm768bpΔGGAA-LacZ, in which the GGAA microsatellite has
been deleted (Fig. 1A), produced weaker activity than Mm768bp-
LacZ (Fig. 1E and E0. n¼3/18), indicating that the GGAA micro-
satellite contributes to mouse Fgf10 promoter activity in the limb
bud mesenchyme. In contrast, Mm768bpΔAGAAAR-LacZ, which
lacks the AGAAAR cluster (Fig. 1A), did not produce any reporter
activity (Fig. 1F. n¼0/21), indicating that the AGAAAR cluster is
necessary for mouse Fgf10 promoter activity in the limb bud
mesenchyme.
Since AGAAAR is a recognition sequence for Ets transcription
factors belonging to the Pea3 subfamily (Lettice et al., 2012), Etv1,
Etv4, and Etv5 are candidate regulators of the Fgf10 promoter.
Studies using Etv4-Etv5 double mutant mice (Zhang et al., 2009) or
a constitutive repressor form of Etv4 (Mao et al., 2009) suggest
that Pea3 subfamily members control limb outgrowth in a redun-
dant manner (Details are presented in the discussion). Like Etv4
and Etv5, Etv1 is expressed in the limb bud mesenchyme, includ-
ing the sub-AER region (Chotteau-Lelièvre et al., 1997; Kawakami
et al., 2003). Therefore, we analyzed the function of Etv1 in Fgf10
promoter activity in the limb bud. Surprisingly, Mm768bpΔGGAA-
LacZ reporter activity was strongly stimulated when the Etv1
expression construct was introduced (Fig. 1G. n¼6/7). In contrast,
Mm768bpΔAGAAAR/ΔGGAA-LacZ, which lacks both the GGAA
microsatellite and the AGAAAR cluster (Fig. 1A), produced no
activity, even in the presence of Etv1 (Fig. 1H. n¼0/9), indicating
that Etv1 stimulates the mouse Fgf10 promoter in an AGAAAR
cluster-dependent manner. Furthermore, Etv1 weakly activated
Mm768bpΔAGAAAR–LacZ with low frequency (Fig. 1I and I0. n¼1/
4), suggesting that Etv1 stimulates mouse Fgf10 promoter activity,
albeit weakly, in a GGAA microsatellite-dependent manner.
Do the AGAAAR cluster and Etv1 represent a conserved
mechanism among Gnathostomata for sub-AER mesenchyme-
speciﬁc Fgf10 expression regulation? To answer this question, we
examined the evolutionary conservation of the AGAAAR cluster.
Fig. 2. The AGAAAR cluster is conserved around the Fgf10 promoter region in Gnathostomata. Comparison of the Fgf10 promoter region sequence in Gnathostomata species.
AGAAAR motif (and its complementary motif, YTTTCT) is indicated with bar. Gray oval indicates the AGAAAR cluster (deﬁned as a tandem repetition of AGAAAR motifs not
including gap(s) longer than 25 bp) in 2 kb upstream of the translation start site. Number of AGAAAR motifs in each cluster is shown in the gray oval. Square, 30 end of the
otic vesicle enhancer; triangle, transcription start site; diamond, translation start site.
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The AGAAAR cluster is present in the Fgf10 promoter regions of
Gnathostomata species shown in Fig. 2. On the other hand, the
GGAA microsatellite sequence was not found in the Fgf10 promo-
ter regions of Gnathostomata species in Fig. 2, except in the case of
the mouse (data not shown). These results suggest the possibility
that sub-AER mesenchyme-speciﬁc Fgf10 expression in Gnathos-
tomata is regulated in a conserved AGAAAR cluster-dependent
manner. To test this possibility, we examined the Fgf10 promoter
of the chicken. The AGAAAR cluster was found in Gg5.9kb, a
fragment of the chicken Fgf10 gene (Fig. 1J). A Gg5.9kb-LacZ
reporter construct produced no activity in the chick limb bud
(n¼0/13. data not shown). However, Gg5.9kb-LacZ produced weak
activity with low frequency when introduced with the Etv1
expression construct (Fig. 1K and K0. n¼1/8). In addition, we found
that not only the reporter activity but also the frequency of
reporter activity from Gg5.9kb were increased when the construct
was co-introduced with Etv1 and Ewsr1 (Fig. 1L. n¼6/31). Ewsr1
encodes a transcriptional co-activator expressed in the limb
mesenchyme, including the sub-AER region (Fig. 3). Introduction
of Gg5.9kb-LacZ with Ewsr1 alone produced no activity (n¼0/11;
data not shown), indicating that Ewsr1 functions in an Etv1-
dependent manner. On the other hand, Gg5.9kbΔAGAAAR-LacZ,
which lacks the AGAAAR cluster (Fig. 1J), produced no activity,
despite the co-introduction of Etv1 and Ewsr1 (Fig. 1M. n¼0/8).
These results indicate that Etv1 and Ewsr1 function in an AGAAAR
cluster-dependent manner and suggest that the AGAAAR cluster
and Etv1 deﬁne a conserved regulatory system in Gnathostomata
for sub-AER mesenchyme-speciﬁc Fgf10 expression.
Etv1 and AER-FGFs synergistically stimulate Fgf10 promoter activity
in an Ewsr1-dependent manner
Our in vivo reporter assays revealed that an exogenous Fgf10
promoter is active in the sub-AER mesenchyme. Our next question
was whether AGAAAR cluster-dependent stimulation of the Fgf10
promoter by Etv1 and Ewsr1 is inﬂuenced by AER-FGFs. To answer
this question, we transfected the reporter system into micro mass
cultures (MMCs) of chicken limb bud mesenchymal cells. As
shown in Fig. 4A, Gg5.9kb-Luc reporter activity was stimulated
by Etv1 and Ewsr1 in the presence of FGF8b, one of the AER-FGFs.
Etv1 and Ewsr1 had a tendency to stimulate Gg5.9kb-Luc reporter
synergistically. Synergistic transactivation by Etv1 and Ewstr1 was
more clearly observed in the Gg1.3Kb-Luc reporter (Fig. 4B), which
carries the AGAAAR cluster (Fig. 1J). Removal of the AGAAAR
cluster (Gg1.0Kb-Luc. Fig. 1J) signiﬁcantly reduced the effects of
Etv1 and Ewsr1 (Fig. 4B). These results indicate that Etv1 and Ewsr1
synergistically transactivate the Fgf10 promoter in an AGAAAR
cluster-dependent manner in MMCs, as well as in the limb bud.
Do Etv1 and AER-FGFs function cooperatively? In the absence of
Ewsr1, the single or combined administration of Etv1 and FGF8b
did not stimulate Gg1.3kb-Luc activity (Fig. 4C). However, in
the presence of Ewsr1, both Etv1 and FGF8b stimulated Gg1.3kb-
Luc activity, and the combined administration of Etv1 and
FGF8b produced synergistic stimulation (Fig. 4C). Similarly,
Mm768bpΔGGAA-Luc activity was synergistically stimulated by
Etv1 and FGF8b in an Ewsr1-dependent manner (Fig. 4D). These
results strongly suggest that Etv1 and AER-FGFs synergistically
stimulate the Fgf10 promoter in an Ewsr1-dependent manner in
the sub-AER mesenchyme.
FGF8b signaling activates the Mek–Erk, p38, and PI3K pathways
(Nilsson et al., 2010). To determine the pathway responsible for
the activation of the Fgf10 promoter by FGF8b-Etv1/Ewsr1, we
used pathway speciﬁc inhibitors. As shown in Fig. 4E, Fgf10
promoter stimulation was inhibited by a Mek inhibitor, but not
by speciﬁc inhibitors for p38 or PI3K. This result suggests that the
Mek–Erk pathway is responsible for Fgf10 promoter activation by
FGF8b, Etv1, and Ewsr1.
As mentioned above, it is possible that Pea3 subfamily mem-
bers regulate Fgf10 expression in a redundant manner. To test this
possibility, we measured the ability of Etv5 to activate the Fgf10
promoter. We found that Etv5 activates the Fgf10 promoter in
cooperation with Ewsr1, FGF8b (Fig. 4F) and the constitutively
active form of Mek (Supplmentary Fig. 1). These results strongly
suggest that Pea3 subfamily members regulate limb Fgf10 expres-
sion in a redundant manner.
Genomic sequence comparison revealed that the Sp1 binding
sequence, e.g. GC box, GT box, and GA box (Zhao and Meng, 2005;
Piccolo et al., 1995), is conserved in the Fgf10 promoter regions of
Gnathostomata (Fig. 1A and J and data not shown). Sp1 is a
transcription factor that is ubiquitously expressed. We tested the
possibility of involvement of Sp1 in Fgf10 promoter activation. As
shown in Fig. 4G, Sp1 and Etv1 cooperatively activated the mouse
Fgf10 promoter in MMCs. In addition, Sp1 bound to the GC box of
the mouse Fgf10 promoter in vitro (Fig. 7F). These results strongly
suggest that Sp1 binds to the conserved binding sequence and
cooperates with Etv1 in Fgf10 promoter activation in the limb bud.
Etv1 and Ewsr1 are necessary for Fgf10 expression in limb
mesenchyme and limb bud elongation
To test the possibility that Etv1 and Ewsr1 are necessary for
Fgf10 expression in the limb bud, we knocked down Etv1 and
Ewsr1 using a Stealth RNAi siRNA. ISH analyses showed reduction
in Fgf10 signal in Etv1 siRNA-transfected and Ewsr1 siRNA-
transfected limbs with low frequencies (Table 1; Fig. 5A). In
contrast, co-transfection of Etv1 siRNA and Ewsr1 siRNA raised
the frequency of limbs exhibiting reduced Fgf10 expression
(Table 1; Fig. 5A). Quantitative RT-PCR analyses showed that the
co-transfection of Etv1 siRNA and Ewsr1 siRNA causes statistically
signiﬁcant reduction of Fgf10 expression (Fig. 5B). These results
indicate that Etv1 and Ewsr1 are necessary for Fgf10 expression in
the limb bud. The co-transfection of Etv1 siRNA and Ewsr1 siRNA
also resulted in the shortening of the limb bud (Fig. 5C), suggesting
that Etv1 and Ewsr1 are necessary for limb bud elongation.
Etv1 binds to AGAAAR, and Ewsr1 is present near the AGAAAR cluster
We then asked whether Etv1 binds to the AGAAAR cluster of
the Fgf10 promoter in vivo by ChIP analysis. As shown in Fig. 6A
Fig. 3. Ewsr1 is expressed in the sub-AER mesenchyme. ISH using Ewsr1 probes
and chicken and mouse limb buds. Anterior is at the top. HL, hindlimb bud.
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and C, anti-Etv1 IgG immunoprecipitated the Fgf10 promoter
fragment very close to the AGAAAR cluster (see the caption of
Fig. 6A) signiﬁcantly more than it did the control 0.8 kb-upstream
or 1.1 kb-downstream fragments, suggesting that Etv1 binds to the
Fgf10 promoter region close to the AGAAAR cluster in the chick
limb mesenchyme. To ascertain whether Etv1 also binds to the
mouse Fgf10 promoter region close to the AGAAAR cluster, we
performed immunoprecipitation of transiently transfected DNA
(Lavrrar and Farnham, 2004). Using this method, we tested the
possibility of local binding of Etv1 to the Mm768bpΔGGAA-Luc
plasmid transiently transfected into MMCs. As shown in Fig. 6B
and D, anti-Etv1 IgG immunoprecipitated the AGAAAR cluster
fragment signiﬁcantly more than it did a vector fragment,
Fig. 4. Etv1 cooperates with AER-FGFs and Ewsr1 to stimulate the Fgf10 promoter in an AGAAAR cluster-dependent manner. Results of luciferase reporter assays using MMC.
(A) Stimulation of the Gg5.9kb-Luc reporter by Etv1 and Ewsr1 in the presence of FGF8b. (B) Different responses of Gg1.3kb-Luc and Gg1.0kb-Luc to Etv1 and Ewsr1. (C and D)
Synergistic stimulation of Gg1.3kb-Luc and Mm768bpΔGGAA-Luc by Etv1 and FGF8b in the presence of Ewsr1. (E) Effects of administration of Mek inhibitor PD98059, p38
inhibitor SB202190, or PI3K inhibitor Wortmannin on Mm768bpΔGGAA-Luc activity. (F) Synergistic stimulation of Gg1.3kb-Luc by Etv5 and FGF8b in the presence of Ewsr1.
(G) Synergistic stimulation of Mm768bpΔGGAA-Luc by Etv1 and Sp1. *po0.01. Bars: S. D.
Table 1
Effect of Etv1 siRNA and Ewsr1 siRNA.
Stealth RNAi siRNA siRNA
introduction
Fgf10
downregulationn
Control siRNA (150 mM) n¼6 n¼0 (0%)
Etv1 siRNAs (total 75 mM)þControl
siRNA (75 mM)
4 1 (25%)
Ewsr1 siRNAs (total 75 mM)þControl
siRNA (75 mM)
7 2 (29%)
Etv1 siRNAs (total 75 mM)þEwsr1
siRNAs (total 75 mM)
6 4 (67%)
n Deﬁned as a decrease in signal intensity without expansion of expression
area, or a contraction of expression area without increase in signal intensity.
Y.-i. Yamamoto-Shiraishi et al. / Developmental Biology 394 (2014) 181–190186
suggesting that Etv1 binds to the mouse Fgf10 promoter region
close to the AGAAAR cluster.
We then asked whether Ewsr1 is present around the Fgf10
promoter by immunoprecipitating transiently transfected Mm768bp
ΔGGAA-Luc using anti-Ewsr1 IgG. As shown in Fig. 6B and E, the
mouse Fgf10 promoter region fragment (Mm 0.7 kb) was immunopre-
cipitated statistically signiﬁcantly more than was the vector fragment,
indicating that Ewsr1 binds the Fgf10 promoter region near the
AGAAAR cluster.
We next asked whether Etv1 binds directly to the AGAAAR motifs
in the Fgf10 promoter by EMSA.MmAGAAAR12345, an oligonucleotide
probe of the mouse AGAAAR cluster containing ﬁve partially over-
lapping AGAAAR motifs, showed Etv1-dependent band shifts in EMSA
(Fig. 7A). Similarly, GgAGAAAR123, a chicken AGAAAR cluster probe
containing three AGAAAR motifs was shifted in an Etv1-dependent
manner (Fig. 7D). These results indicated that Etv1 directly binds to
AGAAARmotifs in the cluster. TheMmAGAAAR3 probe containing only
one AGAAAR motif was also shifted in an Etv1-dependent manner
(Fig. 7B), indicating a single AGAAAR motif is enough for Etv1 binding.
Although the Fgf10 promoter contains many AGAAAR motifs outside
the AGAAAR cluster (Fig. 2), the AGAAAR cluster was found to be
necessary for Fgf10 promoter activity, suggesting that the AGAAAR
cluster has a unique function that is unlike the functions of single
AGAAARmotifs. It is possible that Etv1 can bind to AGAAARmotifs in a
cluster more efﬁciently than it can to single AGAAAR motifs. We
assessed this possibility using a competition assay. An unlabeled
oligonucleotide containing three AGAAAR motifs competed more
effectively than those containing two AGAAAR motifs (Fig. 7C). There-
fore, Etv1 binds more efﬁciently to DNA fragments containing more
AGAAAR motifs. In addition, the GGAA microsatellite speciﬁc for the
mouse exhibited sequence-dependent binding to Etv1 (Fig. 7E).
Discussion
We showed that the AGAAAR cluster, an evolutionarily con-
served cis-regulatory element near the Fgf10 promoter region, is
necessary for sub-AER mesenchyme-speciﬁc expression. We also
showed that Etv1 and Ewsr1 are the trans-acting factors necessary
for Fgf10 expression in the chick limb bud and that Etv1 binds to
AGAAAR motifs in the cluster and regulates Fgf10 promoter activity
cooperatively with AER-FGFs.
Fig. 5. Etv1 and Ewsr1 are necessary for Fgf10 expression in limb mesenchyme and limb bud elongation. (A) Fgf10 expression in siRNA-transfected and contralateral limb
buds harvested 24 h after transfection. Anterior is at the top in all panels. (B) Among siRNA-transfected embryos (nZ7 for each siRNA mixture), the ratios of relative Fgf10
expression in siRNA-transfected right forelimb to that in non-transfected left forelimb were compared. Limbs were harvested 24 h after transfection. *po0.05, **p40.05
(Mann–Whitney test). Bars indicate the median and range of values. (C) Between control siRNA-transfected and Etv1 siRNA/Ewsr1 siRNA-co-transfected embryos (n¼5 and 3,
respectively), the average ratios of siRNA-transfected right forelimb lengths to non-transfected left forelimb lengths were compared. Limbs were harvested 36 h after
transfection. *po0.01 (Student's t-test). Bars: S. D.
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Ets transcription factors belonging to the Pea3 subfamily are
expressed in the limb bud mesenchyme (Chotteau-Lelièvre et al.,
1997; Kawakami et al., 2003; Mao et al., 2009; Zhang et al., 2009).
Our results from knockdown experiments show that Etv1 plays an
essential role in the activation of Fgf10 expression and elongation
of the chick limb bud in cooperationwith Ewsr1. Etv1 mutant mice
were generated (Arber et al., 2000; Patel et al., 2003) but
morphological alterations in the limb and changes in gene expres-
sion in the limb bud mesenchyme have not been reported.
Although the conditional double mutation for Etv4 and Etv5 did
not affect limb elongation (Zhang et al., 2009), forced expression of
a constitutive repressor form of Etv4 in the limb bud resulted in
limb truncation (Mao et al., 2009). It is possible that the consti-
tutive repressor form of Etv4 competes with all three Pea3
subfamily Ets transcription factors. If this is true, Etv4 and Etv5
are involved in the regulation of Fgf10 expression and limb
elongation redundantly with Etv1. In fact, we conﬁrmed that
Etv5 stimulates Fgf10 promoter activity in vitro.
How do Etv1 and AER-FGFs regulate Fgf10 promoter activity?
Etv1 is a downstream target of receptor tyrosine kinase signaling,
and its transcriptional capacity is activated by Mek–Erk pathway-
dependent phosphorylation (Janknecht, 1996; Abe et al., 2012).
Our result shows that cooperation among Etv1, Ewsr1, and FGF8b
in Fgf10 promoter stimulation is dependent on Mek activity. Thus,
in the limb bud, AER-FGFs could stimulate the Fgf10 transcription
via Mek-dependent phosphorylation of Etv1.
How does Ewsr1 cooperate with Etv1 and AER-FGFs in the
regulation of Fgf10 expression? Ewsr1 contains nucleic acid-
binding domains and is involved in the regulation of RNA splicing
and microRNA processing, as well as the DNA damage response
(Paronetto, 2013). On the other hand, Ewsr1 physically interacts
with several transcription factors, including YBX1, Oct-4, and HNF-
4, and functions as a transcriptional co-activator (Park et al., 2013;
Lee et al., 2005; Araya et al., 2003). Our data show that Ewsr1 is
present close to the AGAAAR cluster where Etv1 binds, suggesting
that Ewsr1 physically interacts with Etv1 and/or other AGAAAR-
binding factors and functions as a co-activator for AGAAAR cluster-
dependent Fgf10 promoter stimulation.
Why is the AGAAAR motif conserved as a cluster near the Fgf10
promoter regions in Gnathostomata? AGAAAR is a binding motif
for Etv4 and Etv5 (Lettice et al., 2012), and we found that Etv1 also
binds to this motif. In addition, we showed that Etv1 binds to DNA
more efﬁciently when the number of AGAAAR motifs increases,
suggesting that the AGAAAR cluster conserved near Fgf10 promo-
ter regions is necessary for the efﬁcient binding of Pea3 subfamily
transcription factors.
Recently, a Hox-responsive limb enhancer was found upstream
of the Fgf10 promoter (Sheth et al., 2013). This region is conserved
between mammalian species and the chicken (Sheth et al., 2013).
Although the conserved region is completely included in
Gg5.9kbΔAGAAAR, the Gg5.9kbΔAGAAAR-LacZ construct did not
produce any reporter activity in the limb bud (Fig. 1M). This
suggests that the upstream Hox-responsive enhancer is not
sufﬁcient for Fgf10 promoter activation in the limb bud mesench-
yme. This Hox-dependent enhancer could become functional in
cooperation with a yet unidentiﬁed limb enhancer of Fgf10. A
functional Tbx5 binding site is reported to be conserved in the
human and mouse Fgf10 promoter regions (Agarwal et al., 2003).
Fig. 6. Etv1 binds to AGAAAR, and Ewsr1 is present near the AGAAAR cluster. (A) Primer sets for the quantiﬁcation of genome DNA fragments after ChIP using chick limb
buds. We could not design a primer set for the chicken DNA fragment containing AGAAAR cluster that suitable for real time qPCR analyses. Therefore the Gg cluster set
(magenta arrows) was designed for a fragment located very close to the AGAAAR cluster (green box). Control sets (gray arrows) were for the upstream and downstream
fragments. (B) Primer sets for the quantiﬁcation of DNA fragments after the immunoprecipitation of transiently transfected Mm768bpΔGGAA-Luc plasmid DNA. Mm cluster
set (magenta arrows) was designed for ampliﬁcation of the AGAAAR cluster (green box). Mm 0.7 kb set (blue arrows) was for the entire Fgf10 promoter region (black line).
Control sets (gray arrows) were for the vector fragments (open line). (C) Results of ChIP using chick limb buds and anti-Etv1 IgG were normalized with those using normal
IgG. (D and E) Results of immunoprecipitation using transiently transfected MMCs and anti-Etv1 or anti-Ewsr1 IgG were normalized with those using normal IgG. *po0.01.
Bars: S. D.
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The Mm6.6kb-LacZ construct, which contains this Tbx5 binding
site, produced activity in the sub-AER mesenchyme. In addition,
the Mm768bp-LacZ construct, which does not contain this Tbx5
binding site, produced similar activity, indicating that AER-FGF-
dependent Fgf10 promoter activity does not require Tbx5 function.
This is consistent with the ﬁnding that Tbx5 activity is not
required after limb initiation (Hasson et al., 2007).
In addition to Pea3 subfamily members, many other Ets family
transcription factors are expressed in the distal limb bud
(Vlaeminck-Guillem et al., 2000; Ayadi et al., 2001; Gaspar et al.,
2002; Lettice et al., 2012). Are these Ets transcription factors
involved in Fgf10 expression regulation? GGAA is a common
binding sequence for Ets family transcription factors. Our results
show that the GGAA microsatellite is involved in the regulation of
mouse Fgf10 promoter activity in the limb bud mesenchyme with
lesser efﬁciency than AGAAAR and that Etv1 weakly stimulates the
Fgf10 promoter in a GGAA microsatellite-dependent manner.
Several members of the Ets transcription factor family, such as
Ets1, Elf1, and Fli1, can bind to the GGAA microsatellite sequence
(Gangwal et al., 2010). Therefore, it is possible that multiple
Ets family transcription factors are involved in mouse Fgf10
expression.
We found that Etv1 and Sp1 cooperate in Fgf10 promoter activa-
tion. Etv4 also cooperates with Sp1 and functions in transcriptional
regulation in an Sp1 binding site-dependent manner (Jiang et al.,
2007). Thus, ubiquitously expressed Sp1 could cooperate with Pea3
subfamily members in the quantitative regulation of Fgf10 transcrip-
tion in the limb bud.
Based upon the results of the present study, we conclude that
AER-FGFs activate sub-AER mesenchymal Fgf10 transcription via
the downstreamMek–Erk pathway, Etv1, and Ewsr1 in an AGAAAR
cluster-dependent manner.
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